Thalidomide is an immunomodulatory drug (IMiD) with proven therapeutic action in several autoimmune/inflammatory diseases; however, its inherent high toxicity has led to the development of more powerful and safer thalidomide analogs, including lenalidomide and pomalidomide. These are new generation IMiDs that exhibit direct antitumor activity as well as anti-inflammatory/immunomodulatory properties, and are FDA-approved for the treatment of several hematological malignances. Here we investigated the potential therapeutic effects of lenalidomide and pomalidomide in several experimental murine models of autoimmune/inflammatory diseases: 2,4,6-trinitrobenzene sulfonic acid-and dextran sulfate sodium-induced inflammatory bowel disease and type II collagen-induced arthritis. Lenalidomide displayed a strong therapeutic effect in all these models of autoimmune/inflammatory diseases, while the effect of pomalidomide was less pronounced. In vitro experiments confirmed the immunosuppressive effect of both IMiDs on the proliferative response of stimulated human lymphocytes and on the balance of secreted cytokines toward an anti-inflammatory profile. We conclude that lenalidomide may offer a therapeutic opportunity against autoimmune/inflammatory diseases.
INTRODUCTION
Autoimmune and inflammatory diseases constitute a variety of debilitating disorders in which inflammation is the hallmark of the disease. 1 Immune-mediated inflammatory conditions of both the gastrointestinal tract, such as Crohn's disease and ulcerative colitis (collectively known as inflammatory bowel disease (IBD)), and the synovial tissue in joints, such as rheumatoid arthritis (RA), are prevalent organ/tissue-specific inflammatory diseases that have benefited from preclinical investigation in animal models, resulting in a significant improvement outcome for patients. [2] [3] [4] The primary goal of any treatment is to control pain and inflammation; however, currently available therapies for inflammatory diseases are based on immunosuppressive agents (monoclonal antibodies, steroids and biological drugs) that are not entirely effective and are often nonspecific, 5, 6 illustrating the need for novel therapeutic approaches.
The immunomodulatory drugs (IMiDs) are a group of therapeutic analogs of thalidomide, a synthetic glutamic acid derivative with beneficial effects in a variety of inflammatory 1 disorders. [7] [8] [9] Despite its anti-inflammatory properties, thalidomide is associated with high toxicity and congenital abnormalities, 10 and was withdrawn from the market in the early 1960s. 11 Currently, it is FDA-approved solely for the treatment of erythema nodosumleprosum. 11 IMiDs have emerged as potent and safe antineoplastic agents with immunomodulatory and antiangiogenic activities. [12] [13] [14] The two first-in-class IMiDs with a favorable toxicity profile and increased efficacy are lenalidomide and pomalidomide, 7, 12 which are first-line treatments in several hematological malignancies including multiple myeloma and myelodysplastic syndromes. 14, 15 The postulated mechanisms of action for IMiDs include blocking signaling through nuclear factorkappa B (NFκB), downregulation of TNFα and cyclooxygenase 2 (COX-2), and T-cell co-stimulatory properties, abolishing the requirement for secondary co-stimulation signals from antigen-presenting cells. [16] [17] [18] Given their immunomodulatory and anti-inflammatory properties, IMiDs may have a therapeutic window not only in neoplasia but also in diseases characterized by an inflammatory phenotype. Here we aimed at investigating the potential therapeutic efficacy of lenalidomide and pomalidomide in wellestablished experimental murine models of IBD and RA. [19] [20] [21] [22] We found that lenalidomide produced a strong therapeutic effect in three different models of inflammatory disease, whereas pomalidomide treatment resulted in a lesspronounced amelioration of symptoms. In vitro experiments confirmed an immunosuppressive effect of both IMiDs on the proliferation of stimulated human and on the balance of secreted cytokines towards an anti-inflammatory profile. Together, these findings support the use of IMiDs as a therapeutic option for both IBD and RA.
MATERIALS AND METHODS

Induction and treatment of experimental IBD
To induce IBD in vivo, 3 mg of 2,4,6-trinitrobenzenesulfonic acid (TNBS, Sigma, St Quentin-Fallavier, France) in 50% ethanol (100 μl) was administered intrarectally in 7-week-old Bagg Albino/c male mice. Control mice received 50% ethanol alone. Animals (n = 10 per group) were treated intraperitoneally (i.p.) with vehicle (PBS-1% DMSO, controls) or with lenalidomide (50 mg kg − 1 per day) or pomalidomide (50 mg kg − 1 per day), for 3 days starting 12 h after TNBS instillation. Animals were monitored daily for the appearance of diarrhea, body weight loss and survival. Colons (from the cecum to the anus) were removed immediately after death or at day 7, and were evaluated for macroscopic damage (graded on a scale 0-10) based on criteria reflecting inflammation (hyperemia, bowel thickening and ulceration extent) by two independent researchers in a blinded manner: ulceration (0 = normal appearance, 1 = focal hyperemia, no ulcers, 2 = ulceration without hyperemia or bowel wall thickening, 3 = ulceration with inflammation at one site, 4 = two or more sites of ulceration and inflammation, 5 = major sites of damage extending41 cm along length of colon, 6-10 = when an area of damage extended42 cm along length of colon, score is increased by 1 for each additional cm of involvement). Scores for stool consistency and rectal bleeding were assessed by two blinded observers as described: 19,23 0 = normal stool appearance; 1 = slight decrease in stool consistency; 2 = moderate decrease in stool consistency; 3 = moderate decrease in stool consistency and presence of blood in stool; 4 = severe watery diarrhea and moderate/severe bleeding in stool. For histopathologic analysis, colon was fixed in 10% buffered formalin phosphate, paraffin embedded and sectioned. Sections were stained with hematoxylin-eosin, and inflammation was graded from 0 to 4 by an independent pathologist as described. 19 ,24 0 = no signs of inflammation; 1 = low leukocyte infiltration; 2 = moderate leukocyte infiltration; 3 = high leukocyte infiltration, moderate fibrosis, high vascular density, thickening of the colon wall, moderate goblet cell loss and focal loss of crypts; and 4 = transmural infiltrations, massive loss of goblet cell, extensive fibrosis and diffuse loss of crypts. The animal care committee of the IPBLN-CSIC approved all procedures.
Alternatively, acute colitis was induced in male C57Bl/6 mice (7-week old, Charles River) by administering 3% dextran sulfate sodium (DSS; molecular weight 20,000 Da; Sigma) from day 0 to day 7 in the drinking water ad libitum. Animals hydrated with normal water were used as naive controls. At days 3, 4 and 5, vehicle, lenalidomide (50 mg kg − 1 per day) or pomalidomide (50 mg kg − 1 per day) were injected i.p. in the DSS-treated animals. Colitis severity was assessed daily by scoring (0-4) the clinical disease activity by evaluating stool consistency, presence of fecal blood and weight loss: weight loss (0 = 0%, 0.5 = 1-10%, 1 = 11-15%, 1.5 = 16-20%, 2 ⩾ 20%), diarrhea (0 = normal stool, 0.5 = soft stool and minimal wet anal fur/tail, 1 = diarrhea and moderate-to-severe wet anal fur/tail) and frank rectal bleeding (0 = absent, 0.5 = present but minimal, 1 = moderate/severe). At sacrifice, the entire colon was removed from the cecum to the anus, and colon length and weight were measured as indirect inflammation markers. The macroscopic colonic damage score (scale 0-8) was assessed based on the grade of tissue adhesion, presence of ulceration and wall thickness: ulceration (0 = normal appearance, 1 = focal hyperaemia, no ulcers, 2 = ulceration without hyperemia or bowel wall thickening, 3 = ulceration with inflammation at one site, 4 = two or more sites of ulceration and inflammation, 5 = major sites of damage extending41 cm along length of colon), adhesions (0 = no adhesions, 1 = minor adhesions, colon can be easily separated from the other tissues, 2 = major adhesions) and thickness (maximal bowel wall thickness, in mm, measured with a calliper).
Induction and treatment of collagen-induced arthritis
DBA/1OlaHsd mice were purchased from Harlan Laboratories and housed under specific pathogen-free conditions. Ten-week-old male mice were immunized by intradermal injection at the base of the tail with 200 μg of chicken CII in complete Freund's adjuvant as described. 20 Lenalidomide and pomalidomide (50 mg kg − 1 ) or PBS-1% DMSO (vehicle, control mice) were administered daily by i.p. injection starting on the day of arthritis onset. Arthritis severity was graded daily for each paw by two independent observers using the following scoring system: 0 = normal, 1 = slight swelling and erythema, 2 = pronounced edematous swelling and 3 = stiffness of the joint. This yielded a maximum score of 12 per mouse. Disease severity was expressed as mean clinical score ± s.e.m. per group of treatment. Sixteen mice per group were included, eight in each experiment. All animal procedures were approved by the Hospital 12 de Octubre Animal Welfare Committee.
Serum measurements
Serum was collected from mice with collagen-induced arthritis (CIA) after 10 days of treatment. Serum anti-CII-specific antibodies IgM, total IgG, IgG1 and IgG2a subclasses were determined by ELISA in 96-well ELISA plates coated with CII (2 μg ml − 1 in Tris buffer (0.05 M Tris, 0.2 M NaCl, pH 7.4) and horseradish peroxidase-coupled goat anti-mouse Ig class-specific antibodies. Relative antibody units (RU) were calculated as the log10 of the reciprocal of the dilution giving 50% of maximal optical density. Serum IL6 levels were assessed by ELISA (Mouse IL-6 ELISA MAX Standard; BioLegend, San Diego, CA, USA). Serum levels of IL1α, IL17, IL13, IL4, IL27 were assessed by FlowCytomix Multiple Analyte Detection System (Mouse 13plex kit FlowCytomix, eBioscience, Vienna, Austria).
Figure 1 Lenalidomide treatment protects against 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced acute severe colitis. Colitis was induced by intracolonic administration of TNBS and mice were treated i.p. with lenalidomide or pomalidomide for 3 days, starting at 12 h after TNBS injection. Clinical evolution was monitored by determining the daily body weight loss and survival (a) as well as measuring the colitis score (at day 3) (b), the macroscopic colonic damage score (c) and the histopathologic score (at day 3) (d). Data are expressed as mean ± s.e.m.; n = 10 mice per group in a-c; n = 5 mice per group in d. Statistical differences between groups were calculated as described in Materials and methods. *Po0.05; ***Po0.01; ****Po0.001.
Lymphocyte proliferation and cytokine production
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from healthy volunteers by Ficoll-Hypaque gradients. Samples designated for the determination of proliferation were labeled with 5 μM carboxyfluorescein diacetate succinimidyl ester (CSFE) (Invitrogen, Eugene, OR, USA) before culture. CSFE-labeled PBMCs (1.2 × 10 5 ) were placed in 96-well flat-bottom plates in 200 μl of culture medium (DMEM supplemented with 10% FBS, 20 mM Lglutamine, and 1% penicillin and streptomycin) per well and cultured for 5 days (37°C, 5% CO 2 ) with or without 10 μg ml − 1 phytohemaglutinin (PHA) (Sigma-Aldrich). PHA-stimulated PBMCs were also treated or not with 10 μM of lenalidomide or pomalidomide for 5 days. The number of cycling cells was determined by flow cytometry and was calculated as a percentage of CSFE mild/low cells that had divided, multiplied by the total number of cells. 21, 22 To determine cytokine production, PBMCs (1.2 × 10 5 ) were plated in 96-well flatbottom plates in 200 μl of culture medium and stimulated or not with 10 μg ml − 1 PHA for 5 days or 0.1 μg ml − 1 lipopolysaccharide (SigmaAldrich) for 7 h. PBMCs were also treated or not with 10 μM lenalidomide or pomalidomide during the stimulation period. Culture supernatants were collected at the end of treatment and analyzed by Luminex Multiplex assays. Interferon gamma (IFNγ), IL17 and IL13 were determined in PHA-stimulated PMBCs while the levels of the other cytokines were determined in lipopolysaccharide-stimulated PBMCs. Cytokine concentration was normalized to 1. Thus, relative units were calculated as the fold-change of stimulated PBMC (with or without IMiD treatment) relative to non-stimulated PBMCs.
Statistical analysis
Descriptive analysis of each experiment was performed to compare the severity of the disease between experimental groups. The impact of lenaledomide and pomaledomide on the scores and the course of disease was analyzed by two-way analysis of variance for repeated measures. Differences in antibody levels and mouse interleukins between lenalidomide and control groups were compared using the Mann-Whitney U-test for two independent samples. Differences in cytokine levels and proliferation between the IMiD group and the non-treated group were compared using an independent sample t-test. Analysis was performed using GraphPad Prism software (version 6.0, GraphPad; La Jolla, CA, USA). P-values below 0.05 were considered statistically significant. Figure 2 Lenalidomide treatment protects from dextran sulfate sodium (DSS)-induced acute colitis. Mice received 3% DSS in the drinking water from day 0 to day 7. Lenalidomide or pomalidomide were administered intraperitoneally once a day for 3 days, starting at day 3. (a) Disease activity scores were determined daily. (b) Colon damage scores and colon length and weight were determined at day 8. Mice receiving tap water instead of DSS were used as controls (naive). Data are expressed as mean ± s.e.m.; n = 10 mice per group in a; n = 5 mice per group in b. Statistical differences between groups were calculated as described in Materials and methods. *Po0.05; ** Po0.01.
RESULTS
Lenalidomide and pomalidomide protect against experimental IBD
We first investigated whether lenalidomide and pomalidomide have a therapeutic effect in two experimental models of acute colitis induced by intrarectal infusion of TNBS and by oral DSS administration, which display clinical, histopathological and immunological features similar to those of human Crohn's disease and ulcerative colitis. 3, 22 Inflammatory colitis was induced by intracolonic administration of TNBS and mice were treated i.p. for 3 days with lenalidomide or pomalidomide starting after TNBS instillation. TNBS-treated mice developed a Figure 1c ). Mice treated with lenalidomide were fully protected against IBD. Accordingly, lenalidomide-treated mice rapidly recovered 100% of their body weight loss within a 5-day time frame, with a significantly increased survival rate of 95% (Figure 1a) . Furthermore, the wasting syndrome and the signs of colon inflammation were improved, leading to a significant decrease of the colon damage score, and mice regained a healthy appearance indistinguishable from ethanol-treated control mice (Figures 1b and c) . Histological examination of the colons showed that treatment with lenalidomide significantly reduced the TNBS-induced transmural inflammation, depletion of mucin-producing goblet cells, epithelial ulceration, infiltration of inflammatory cells in the lamina propia and focal loss of crypts ( Figure 1d ). Pomalidomide treatment also ameliorated TNBS-induced colitis but its therapeutic effect was less potent than lenalidomide. Pomalidomide-treated mice recovered only 50% of their body weight loss and the survival rate reached only 40% (Figure 1a ). This was reflected in a significant but modest improvement in colon inflammation and damage (Figures 1b-d ). These data demonstrate that lenalidomide fully protects mice against TNBS-induced IBD, whereas pomalidomide is less effective. The therapeutic effect of lenalidomide was not exclusive to the TNBS-induced colitis model. Lenalidomide treatment was also very effective in ameliorating acute colitis induced with 3% DSS (Figure 2 ). Lenalidomide significantly reduced the clinical activity, as shown by reduced body weight loss, improved stool consistency and decreased rectal bleeding (Figure 2a) . Accordingly, lenalidomide ameliorated colon damage and reduced colon inflammation, revealed by an increased colon length/weight ratio (Figure 2b) . Again, although treatment with pomalidomide showed some protective effect against the wasting disease and colon inflammation (Figure 2) , it was less effective in comparison with lenalidomide.
Lenalidomide treatment ameliorates established CIA The CIA mouse model is a faithful and well-established model that exhibits many clinical similarities to human RA, including synovitis, pannus formation, cartilage and bone erosion, fibrosis, and loss of joint function. 20 Inflammatory arthritis was induced by collagen II immunization, and mice were treated daily with lenalidomide or pomalidomide starting on the day of arthritis onset. CIA mice developed symptomatic arthritis with at least two affected paws shortly after arthritis induction (Figures 3a and b) . Daily lenalidomide treatment in mice with established disease significantly reduced the severity of arthritis and the number of affected paws (Figures 3a and b) . By contrast, pomalidomide treatment was largely ineffective, and mice displayed little symptomatic improvement (Figures 3a and b) . Because IL6, IL1α, IL17 and anti-CII antibodies have a pathogenic role in the development of CIA, we measured their levels in the serum of arthritic mice treated or not with lenalidomide. In addition, we also analyzed the concentration in serum of other anti-inflammatory cytokines relevant in arthritis such as IL13, IL4 and IL27. The IL6, IL1α and IL17 levels were unaffected by lenalidomide treatment (Figure 3c) . Similarly, the levels of anti-CII IgM, IgG and IgG 1 were similar between lenalidomide-treated and control groups (Figure 3d) . However, the concentration of the antiinflammatory cytokines IL13, IL4 and IL27 was higher in lenalidomide-treated mice (671 ± 343 vs 370 ± 370 pg ml − 1 , P = 0.01; 3.1 ± 2 vs 0 ± 0 pg ml − 1 , P = 0.03; and 748 ± 514 vs 468 ± 468, P = 0.01, respectively). Importantly, specific anti-CII IgG 2a pathogenic antibodies were also moderately but significantly reduced in the lenalidomide-treated group (4 ± 0.05 vs 3.6 ± 0.07 relative units, P = 0.04) (Figure 3d) . Together, these findings show that lenalidomide, but not pomalidomide, exerts a therapeutic effect in the CIA model of RA.
In vitro immunosuppressive and anti-inflammatory properties of lenaledomide and pomaledomide To address the possible mechanisms underlying the protective effect of IMiDs, we analyzed their immunosuppressive properties in vitro. Using CFSE dilution assays to monitor cell division, we found that both IMiDs suppressed the proliferation of PHA-stimulated human PBMCs (Figure 4a ). The level of immunesuppression (measured as % of IMiD-mediated non-proliferating PHA-stimulated lymphocytes) was 27 ± 2% and 61 ± 2% for lenalidomide and pomalidomide, respectively (Figure 4a ). We then analyzed the cytokine profile in PHA-or lipopolysaccharide-activated human PBMCs treated or not with IMiDs. The production of master pro-inflammatory cytokines, such as TNFα, IL1β, IL6, IFNγ and IL17 was significantly inhibited both by lenalidomide (~2-fold) and pomalidomide (43-fold), whereas IL8 levels were unchanged (Figure 4b ). On the other hand, IMiDs increased the levels of anti-inflammatory cytokines such as IL13 (~7-fold) and IL10 (~10-fold) (Figure 4b ). These data show that IMiDs exert immunosuppressive and anti-inflammatory activities both by inhibiting human lymphocyte proliferation and modulating the secretion of a broad range of cytokines toward an antiinflammatory profile, thus underpinning the therapeutic effects observed in experimental models of inflammatory disease.
DISCUSSION
Autoimmune/inflammatory diseases encompass a diverse group of debilitating inflammatory disorders prevalent in Western societies, and represent a major public health concern. Currently available therapies for autoimmune/inflammatory diseases are not entirely effective and are often non-specific. 5, 6 Biologic therapies for autoimmune/inflammatory diseases, such as those targeting specific molecules of the immune system, provide an alternative to the existing immunosuppressive treatments; however, the current limitations of such biologic therapies, including the inconvenience of intravenous administration, high cost and adverse events, prevent their widespread use as first-line treatments. 23 Thalidomide is known to be an effective treatment option for Crohn's disease. 24, 25 Lienenlüke et al. 26 showed a beneficial therapeutic effect of thalidomide in TNBS-induced colitis in rats through attenuation of colonic inflammation. Furthermore, clinical trials reported an effective action of thalidomide in steroid-dependent Crohn's disease. [27] [28] [29] [30] Despite its therapeutic promise, thalidomide is notoriously associated with severe birth defects, 10 and was withdrawn from the market. 11 Subsequently, thalidomide analogs (IMiDs) were developed and have emerged as potent and safe antineoplastic agents with immunomodulatory and antiangiogenic activities. [12] [13] [14] The two first-in-class IMiDs with a favorable toxicity profile and increased efficacy are lenalidomide and pomalidomide, 7, 12 which are first-line treatments in several hematological malignancies. 14, 15 IMiDs are potent TNFα inhibitors and block signaling through NFκB and COX-2, and have T-cell co-stimulatory properties. 7, [16] [17] [18] 31, 32 Mechanistically, IMiDs bind to cereblon, a substrate receptor of the CRL4 E3 ubiquitin ligase, altering its substrate specificity that results in breakdown of intrinsic downstream proteins such as Ikaros and Aiolos. 33 IMiDs may therefore have a therapeutic window not only in neoplasia but also in autoimmune/inflammatory diseases.
Here we aimed to determine the potential therapeutic efficacy of lenalidomide and pomalidomide in wellestablished experimental models of IBD and arthritis. [19] [20] [21] [22] We found that lenalidomide produced a robust therapeutic effect in three experimental models of autoimmune/inflammatory disease. By contrast, pomalidomide administration resulted in a less-pronounced amelioration of symptoms. Nonetheless, both IMiDs exerted in vitro immunosuppressive effects on the in vitro proliferation of T lymphocytes and modulated the balance of cytokine production toward an antiinflammatory profile. Our results are in disagreement with Mansfield et al., 34 who evaluated the efficacy and safety of 25 vs 5 mg daily of lenalidomide as compared with placebo, in a randomized controlled clinical trial for moderate-to-severe Crohn's disease. In this study, the clinical remission rate of both treatment groups was not significantly different from that of the placebo group. Of note, patients enrolled in this study continued on their current corticosteroid treatment for the disease. Interestingly, a negative interaction of corticosteroids with the immunomodulatory effects of IMiDs has been extensively reported, thus explaining, at least in part, the poor efficacy of lenalidomide in this clinical trial. 35, 36 In addition, adverse events for lenalidomide at 25 mg given in combination with corticosteroids resulted in a high rate of treatment discontinuation. However, we did not observed any adverse effects in animals with colitis treated with 50 mg of lenalidomide alone. Therefore, more powerful and better designed clinical trials addressing the issue of dosing of lenalidomide as well as potential interaction with co-adjuvants are warranted. 6 We also demonstrate a significant amelioration of symptoms in a RA mouse model treated with lenalidomide, but not with pomalidomide. In this respect, our results are in agreement with Oliver et al., who showed a therapeutic/immunosuppressive effect of thalidomide in a rat model of RA. 37 Analogous to the IBD model, lenalidomide exerted an immunosuppressive effect on the proliferation of T lymphocytes and modulated the secretion of cytokines toward an anti-inflammatory profile. Of note, several immunosuppressive and biologic therapies have been shown to be effective for RA but not for Crohn's disease, and vice versa. 38 A major strength of the present study is the therapeutic effect of lenalidomide in different experimental models of IBD and AR, which may have enormous implications for lenalidomide as a potential pan-treatment for a variety of autoimmune/inflammatory conditions. Lenaledomide, pomaledomide and thalidomide have been previously shown to exhibit distinct activity in 5q − syndrome 33 and in multiple myeloma. 39 In fact, it was suggested that the levels of CRBN expression as well as the binding affinity of each IMiD to CRBN represent major determinants of IMiDs activity and resistance. Further mechanistic studies are required to decipher the differential mechanisms of action of lenaledomide vs pomaledomide in the in vivo models of autoimmune disease presented here. Nevertheless, more work is needed to unravel the precise mechanism(s) of action of lenalidomide and pomalidomide, which may underlie the differential potential of these IMiDs in vivo despite the robust inhibition of T-cell proliferation and modulation of cytokine release towards an anti-inflammatory profile.
